the leading edge of the discoid airfoil displaces the trailing edge. Unsteady mechanisms are generally difficult to elucidate because unsteady flow phenomena are governed by several parameters. However, the parameters affecting unsteady phenomena can be easily changed in a wind tunnel test. In this study, three-dimensional unsteady flow field generated by a pitch-oscillating discoid airfoil was measured using a stereoscopic particle image velocimetry (PIV) technique at several downstream positions and three components of velocity measurements were synchronized to the airfoil movements. From momentum conservation of the flow field, the unsteady fluid forces generated by the pitch-oscillating airfoil were then calculated.
Experimental apparatus and method
Figure 1 shows a schematic of the experimental setup. The inlet dimensions of the test section are 300 mm × 300 mm. The center of the model is the origin of a Cartesian coordinate system with axes labeled x, y, and z. The velocity is denoted by components (u, v, w) in the directions (x, y, z) . The test model is a discoid airfoil with a NACA0015 profile. The discoid airfoil is made by rotating the profile of NACA0015 from the leading edge to the maximum thickness around its mid chord axis (see Fig. 2 (b) ). The airfoil edge is smooth and half-rounded. Pitch-oscillating motion was generated by a five-phase stepping motor with 0.072° per step around its mid-chord axis. In the following analysis, the non-dimensional time t is defined as t = t/T, where t is the time and T is the cycle period. Figure 3 plots the angle of attack α of the airfoil model as a function of nondimensional time t . This function is given by α = Asin(2πft) + α c , where A is the amplitude, α c is the angle of the pitching center, and f is the oscillation frequency. Upstroke and downstroke indicate the increment and decrement of the angle of attack, respectively. In this experiment, the pitch-oscillating motion was carried out at A = ±20.16 deg, α c = 90 deg and f = 6 Hz. The free-stream Reynolds number is defined as Re = cU 0 /ν, where U 0 is the free-stream velocity, and ν is the kinematic viscosity of air. The experiments were conducted at Re measured by 2-component particle image velocimetry (2CPIV) and a stereoscopic PIV method. The 2CPIV system chiefly comprises a CCD camera and an Nd-YAG laser. The laser sheet, vertically arranged in the x-z plane, was deflected by a mirror set affixed at the top of the test section. 2CPIV measurements were performed in the region y/c = 0-0.5 at equal intervals of y/c = 0.1 in the x-z plane. Figure 4 shows a schematic of the stereoscopic PIV setup, comprising two CCD cameras and an Nd-YAG laser. The particle image was captured by two CCD cameras placed on both sides of the test section. The PIV cameras were mounted on a specially designed rig with an adjustable viewing angle. To satisfy the Scheimpflug condition, the angle between the optical axes of the two cameras was set to approximately 90°. The vertical laser sheet was irradiated from the side of the test section in the y-z plane. Figure 5 shows the measurement region of stereoscopic PIV, set to approximately (300 × 300) mm in the y-z plane. Stereoscopic PIV measurements were performed in the region x/c = 0-1.0 at equal intervals of x/c = 0.033 in the y-z plane. To synchronize the image capture with the airfoil motion, the flow field measurements were governed by a timing cycle produced by a pulse generator trigger. In this experiment, the flow field is estimated by ensemble averaging over 20 measurements to enhance the measurement accuracy, and the error in PIV measurements is less than 1 %. A shear layer produced by the discoid airfoil would make the vortex shape unclear, and a quick way of avoiding this difficulty is to use an iso-surface of the vorticity strength because the vortex is not weak enough to be cleared away by the shear layer. We selected the iso-surface of the vorticity to visualize the three-dimensional vortex structure. The three-dimensional vortex structure was depicted by plotting the iso-vorticity surface calculated from the reconstructed velocity data. The vorticity components are given by
3. Results and discussion 3.1 Vortical field in the x-z plane spanwise position. The fluid forces generated by the airfoil model were calculated using a momentum conservation law applied to the flow field around the airfoil. Figure 8 shows the control volume for evaluating the unsteady fluid force acting over a pitch-oscillating cycle. The control volume surrounds the discoid airfoil, and the fluid force is estimated from the momentum change in the control volume. We confirmed that the variation of the fluid force calculated from this method has the same tendency as that of the fluid force measured by a load cell (LVS-50GA, KYOWA) at Re = 5.0 × 10 4 . The time history of the nondimensional fluid force P throughout one pitch-oscillating cycle is plotted in Fig. 9 .
The fluid force increases as the vortex grows near the upper edge of the airfoil from t = 0 to 0.25 (see Fig. 6 (a) and (b)). The peak in the fluid force curve was observed approximately at t ＝ 0.25. After that time, the vortex is shed in the wake and the fluid force decreases. During upstroke, the fluid force curve was observed approximately at t ＝ 0.75. There are two peaks in the fluid force variation throughout one pitching cycle. It is confirmed that the vortex structure and behavior are related to the fluid force variation.
Three-dimensional vortex structure constructed from stereoscopic PIV measurements
For stereo PIV measurements, the three dimensional flow fields were measured to visualize the 3D vortex structure. Figure 10 shows the three dimensional vortex structure of |ω| obtained by stereoscopic PIV. |ω| is given by
The red and yellow regions of Fig. 10 show the vorticity iso-surfaces |ωc/U 0 | = 9 and |ωc/U 0 | = 6, respectively. A circular vortex ring forms near the wake of the airfoil at t = 0. During the downstroke, vortex growth is promoted near the upper edge of the airfoil. This is because the pressure difference between the front and back sides of the airfoil becomes larger by increment of the relative velocity between the upper edge and the free-stream. The strong vortex P t Fig. 9 The time history of the fluid force throughout one pitch-oscillating cycle at Re = 3.0×10 4 and k = 0.97. 
Fig. 10 Three-dimensional vortex structure around the airfoil during one pitch-oscillating cycle at Re = 3.0×10 4 and k = 0.97. exists near the upper edge of the airfoil at t = 0.33. In contrast, the vorticity iso-surface |ωc/U 0 | = 9 is not observed at both left and right extremities of the discoid airfoil. Because, the distance of the pitching axis from the discoid airfoil edge becomes smaller as y/c increases. Figure 11 shows the three-dimensional vortex structure of each vorticity component around the discoid airfoil. In this figure, the green, red, and blue regions indicate the nondimensional vorticity iso-surfaces |ω x c/U 0 | = 3, |ω y c/U 0 | = 6, and |ω z c/U 0 | = 6, respectively. ω x is diminished in the wake of the airfoil throughout the cycle. In contrast, ω y is strengthened near the upper edge of the airfoil during the downstroke. ω y increases near the upper edge of the airfoil from t = 0 to 0.33. ω y decreases near the upper edge of the airfoil from t = 0.33 to 0.5. ω y variation during pitch-oscillating motion was affected by the relative velocity between the upper edge of the airfoil and the free-stream. On the other hand, ω z observed at both left and right extremities was not affected by the pitching motion. It is seen from Fig. 11 that the profile of iso-surface ω z does not change during pitch-oscillating motion, because the relative velocity due to the pitching motion is small near the pitching axis. Figure 12 plots the time history of each vorticity component throughout a pitch-oscillating cycle. Here, the vertical axis denotes the average nondimensional vorticity in the wake of the airfoil. ω y most widely varies among the three vorticity components, while ω y varies in synchrony with the fluid force (see Fig. 9 ). The propulsive force generated by the pitch-oscillating airfoil is largely determined by ω y .
Conclusions
The vortical flow fields during pitching oscillation of a discoid airfoil were measured by a stereoscopic PIV technique. The fluid force was calculated from the momentum conservation law. The main conclusions of this study are summarized below: 1. Vortex growth is promoted near the upper edge of the airfoil during the downstroke. The fluid force peaks twice throughout one pitching cycle, as the vortex grows near the airfoil. Thereafter, the fluid force decreases as the shed vortex travels downstream. 2. During the downstroke, strong vorticity ω y develops near the upper edge of the airfoil. Throughout the pitch-oscillating cycle, ω y varies in synchrony with the fluid force. ω y largely determines the propulsive force generated by the pitch-oscillating airfoil.
t ω x ω y ω z Fig. 12 Time history of each vorticity component throughout a pitch-oscillating cycle.
